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ABSTRACT
The energy transfer during interaction of large-scale solar wind structure and the Earth’s magnetosphere is
the chronic issue in space-weather studies. To understand this, researchers widely studied the geomagnetic
storms and sub-storms phenomena. The present understanding suggests that long duration of southward
interplanetary magnetic field component is the most important parameter for the geomagnetic storm. Such
long duration strong southward magnetic field is often associated with ICMEs, torsional Alfve´n fluctuations
superposed co-rotating interacting regions (CIRs) and fast solar wind streams. Torsional Alfve´n fluctuations
embedded CIRs have been known for a long, however magnetic cloud embedded with such fluctuations are
rarely observed. The presence of Alfve´n waves in the ICME/MC and influence of these waves on the
storm evolution remains an interesting topic of study. The present work confirms the torsional Alfve´n
waves in a magnetic cloud associated with a CME launched on 15th February which impacted the Earth’s
magnetosphere on February 18, 2011. Further, observations indicate that these waves inject energy into the
magnetosphere during the storm and contribute to the long recovery time of geomagnetic storms. Our study
suggests that presence of torsional Alfve´n waves significantly controls the storm dynamics.
Corresponding author: Anil Raghav
raghavanil1984@gmail.com
2 RAGHAV ET AL.
1. INTRODUCTION
In the present satellite era, the study of space physics has become of paramount importance as space
weather events can disturb our day-to-day activities. Geomagnetic storms i.e. the temporary disturbances
in the Earth’s magnetosphere (Lakhina et al. 2007; Gonzalez et al. 1994; Tsurutani et al. 1995a), are one of
such events that can lead to serious adverse effects on communication, navigation and electrical systems
(Carrington 1859; Cannon et al. 2013; Schrijver & Siscoe 2010; Osella et al. 1998; Tsurutani et al. 2003;
Lakhina & Tsurutani 2016; Gawali et al. 2016). In general, the southward oriented interplanetary mag-
netic field (IMF) in combination with a strong, high speed solar wind stream are considered as a main
driver of a geomagnetic storm (Gonzalez et al. 1999; Tsurutani et al. 1992, 1995a; Vichare et al. 2005).
Whereas a viscous type of interactions of high speed solar-wind with magnetosphere are also considered
when IMF is northward (Axford 1964). However, the energy transferred to the magnetosphere through this
is very small and therefore, it is no longer believed to be geo-effective for creating geomagnetic storms
(Tsurutani & Gonzalez 1995; Du et al. 2008). The negative Bz component interacts with Earth’s magnetic
field via magnetic reconnection and the charged particles penetrate into the Earth’s magnetosphere from
day-side of the magnetosphere (Gonzalez et al. 1994). Most of the particles are injected into the inner mag-
netosphere because of plasma sheet reconnection at the magnetotail (Behannon & Ness 1966). Due to the
gradient and curvature of the Earth’s magnetic field, injected particles e.g. protons drift towards west and
electron towards the east such that westward ring current is set up. The magnetic moment of the ring current
is in the opposite direction as that of the Earth’s magnetic dipole moment. Thus, a negative magnetic field
perturbation i.e. a depression is observed at the ground.
The literature on the geomagnetic effects of solar wind structures identify three major causes of geomag-
netic storms; (i) Coronal Mass Ejections (CMEs); (2) Co-rotating interaction regions (CIRs); and (3) the
Alfve´n waves superposed high speed solar wind streams (Tsurutani & Gonzalez 1997; Tsurutani et al. 2006;
Cane & Richardson 1997; Parker 1958; Tsurutani et al. 1988; Borovsky & Denton 2006). The CME-driven
storms are frequently stronger with significantly enhanced ring currents which induce great auroras. The
CIR-driven storms are normally moderate/weaker with less intensive auroras (Borovsky & Denton 2006;
Tsurutani & Gonzalez 1997). The geomagnetic storm comprises various phases viz. sudden storm com-
mencement(SSC) or gradual commencement (GC), initial phase, main phase and recovery phase of the
storm (Tsurutani & Gonzalez 1997; Gonzalez et al. 1999). The SSC and/or GC are mainly controlled by
the solar wind dynamic pressure i.e. initiated by forward shock-front of CME. In CME-driven storms,
the main phase cause by a southward IMF which directly contribute to increase in ring current whereas
the recovery start when ring currents begin to decay. Thus CME-driven storms only last for few days
(Borovsky & Denton 2006).
As compare to this, the CIR and High Speed Stream (HSS) from coronal holes driven magnetic storms
can last for a few days up to few weeks (Tsurutani et al. 2006), generally known as High Intensity Long Du-
ration Continuous AE Activity (HILDCAAs) events (Tsurutani & Gonzalez 1987; Hajra et al. 2013, 2014,
2015; Prestes et al. 2017). The CIR occurs at the interface between the HSS and the upstream slow stream
(Smith & Wolfe 1976; Burlaga & Lepping 1977; Gonzalez et al. 1999). The amplified Alfve´nic fluctuations
are observed within CIRs as well as the HSS that trail the CIR (has lower amplitude Alfve´n waves). Mag-
netic reconnection between the southward component of the Alfve´n waves and the magnetosphere fields
slowly inject solar wind energy and plasma into the magnetosphere which cause the extended recoveries of
the storms (Tsurutani et al. 2006, 1995b).
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Although Alfve´n waves are very common in space plasmas, it is rare to obtain their spatial picture. This is
because Alfve´n waves are slowly varying and have very long wavelengths along the magnetic field. Due to
torsional wave, there are no fluctuations in the fluid density hence no variations in the observed emission in-
tensity images and thus they are more difficult to be observed. However, based on the spectrometric studies
of solar corona, the presence of Alfve´n wave is inferred (Banerjee et al. 1998, 2009; Harrison et al. 2002).
Recently (Tian et al. 2010) proposed that Alfve´nic fluctuations are observed in flux ropes. (Gosling et al.
2010) also suggested that a torsional wave could be generated by distortions within a flux rope ejected
from the Sun. It is considered that (i) twisting in straight or homogeneous magnetic field lines, (ii) ejecting
axial current at the base of pre-existing flux rope, or (iii) otherwise changing the force balance condition
associated with pre-existing flux rope can generate Alfve´n waves (Gosling et al. 2010; Fan 2009). There-
fore, Alfve´n waves are expected to be observed within magnetic cloud like structures. However, they are
not commonly observed within the magnetic clouds of various sizes in the solar wind. In earlier studies,
Alfve´nic wave fluctuations are observed in the region where fast and slow solar wind streams interact i.e
CIRs region (Tsurutani et al. 1995b; Lepping et al. 1997). Further, the presence of the Alfve´n waves during
interface of magnetic cloud and solar wind stream is observed (Lepping et al. 1997; Behannon et al. 1991).
Recently, the presence of Alfve´n waves embedded magnetic cloud is interpreted as the output of CME-CME
interaction (Raghav & Kule 2018). In the present work, we aim to study the presence of torsional Alfven
waves in magnetic cloud (MC) and trailing region of the MC. It is not so common to observe Alfve´n waves
in magnetic cloud. This motivates us to understand the geomagnetic storm characteristics associated with
both aforementioned regions. Finally we discuss the possible contribution of Alfve´n waves in the storm and
compare with past studies.
2. OBSERVATIONS
The event under study caused by the multiple-CMEs erupted on 13th, 14th and 15th February 2011, inter-
acted en route and appeared as complex magnetic structure at 1 AU in WIND satellite data. The selected
event has been studied in past to understand: 1) their interaction corresponding to different position angles
(Temmer et al. 2014), 2) their geometrical properties and the coefficient of restitution for the head-on col-
lision scenario and their geomagnetic response (Mishra & Srivastava 2014), 3) corresponding Forbush de-
crease phenomena (Raghav et al. 2014; Maricˇic´ et al. 2014; Raghav et al. 2017), 4. the presence of Alfve´n
waves in interacting region (Raghav & Kule 2018).
The Figure 1 shows the in situ observation (in GSE- coordinate system) of the ICMEs with Dst index.
The red lines depict the arrival time of the shock and the gray shades show the region of the ICMEs mag-
netic cloud. The top panel displays magnitude of the magnetic field B (nT ) which shows magnetic field
enhancement and gradual decrease in shaded region. The second top panel consists of magnetic vectors Bx,
By andBz, in whichBz shows no rotation,By shows slight rotation whereas Bx shows smooth variations in
shaded region. The third panel from top consists of θ angle which is relatively constant and the fourth-panel
consist of φ angle varies slowly in shaded region. Hence, this suggests a magnetic cloud or magnetic cloud-
like structure with relatively small rotation. It is also identified as magnetic cloud in the Lepping MC list
available at https://wind.gsfc.nasa.gov/mfi/mag_cloud_S1.html. The fifth panel shows
pitch angle distribution of electrons which indicate signature of MC. The sixth panel display gradually de-
creasing solar wind speed. The seventh panel demonstrate almost constant low proton density (Np). The
eight panel consists of proton temperature on left side and ratio of proton temperature observed to expected
proton temperature on right which is nearly 0.5 through out the MC crossing. The second panel from bot-
tom display less than 0.1 value of plasma beta within the MC boundaries. The bottom panel consists of
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Dst index which suggest overall the geomagnetic response to observed MC. The long recovery phase with
moderate/weak type of storm is observed during the observed MC.
In Figure 2, the region 1 and region 2 is specifically shown with color shade of pink and green. The
observed complex interplanetary structures before region 1 is explained at length in (Maricˇic´ et al. 2014;
Mishra & Srivastava 2014; Raghav & Kule 2018). Region 1 is shaded with pink color and it is identified as
MC/ MC-like structure. Similarly, Region 2 is (green shade color) MC trailing solar wind. The third, forth
and fifth panel from top demonstrate the temporal variation of magnetic field and solar wind components
in GSE-coordinate system. The peculiar and distinct feature of variation in all three components of B and
V is seen in region 1 and 2 i.e. the well-correlated changes in respective components of magnetic field B
and solar wind speed V is observed. Raghav & Kule (2018) manifest this as presence of Alfve´n waves in
MC i.e. region 1. Further, the region 2 also shows similar trend of variations which might be Alfve´nic type.
The bottom panel display the temporal variations of longitudinal symmetric disturbance index SYM-H. It
remains almost constant during complete passage of MC and suggest weak/moderate disturbed condition
with approximately −25 nT value. After MC cross over the SYM-H recovers to ∼ 0 nT at 00 : 00 UT on
21 February and further remains fluctuating in negative values in region 2.
To confirm Alfve´n waves presence in region 1 and possibility in region 2 the Wale´n relation is used. The
Wale´n relation is described as
VA = ±A B√
µ0ρ
(1)
where A is the anisotropy parameter, B is magnetic field vector and ρ is proton mass density (Wale´n 1944;
Hudson 1971). By considering negligible influence of the thermal anisotropy one can ignored anisotropy
in the solar wind, therefore, we usually take A = ±1 (Yang et al. 2016). The fluctuations ∆B in B can
be obtained by subtracting average value of B from each measured values. Therefore, the fluctuations in
Alfve´n velocity is
∆VA =
∆B√
µ0ρ
(2)
Furthermore, the fluctuations of proton flow velocity ∆V is estimated by subtracting averaged proton flow
velocity from measured values. Figure 3, in top, middle and bottom panels shows the comparisons of x,
y and z components of ∆VA and ∆V , respectively. The fluctuations seen in Figure 3 for both the regions
indicate the presence signature of Alfve´n waves. However, the visual variations in region 1 are appeared to
be strongly correlated as compared to region 2.
Moreover, the Figure 4 shows the correlation and linear relation between the fluctuations of Alfve´n veloc-
ity vector components and the fluctuations of proton flow velocity vector components for both the region
1 and region 2 as marked in Figure 2. The linear equations and correlation coefficients are shown in each
panel. For the region 1, The slopes for x, y and z components of three vectors are 0.57, 0.64 and 0.78
and the correlation coefficient (R) between Alfve´n and proton flow velocity vector components are noted
as 0.84, 0.91, and 0.92, respectively. For the region 2, the slopes for three vectors components are 0.34,
0.36 and 0.36 and the correlation coefficient between Alfve´n and proton flow velocity vector components
are 0.34, 0.47, and 0.55, respectively. The correlation coefficients suggest strong positive correlation for
region 1 which confirms the Alfve´n waves in MC and weak positive correlation for region 2 between∆VAx
&∆Vx,∆VAy &∆Vy,∆VAz &∆Vz. The MHD static equilibrium suggests that the MC cloud is considered
to the strongly coupled plasma under frozen in condition with concentric cylindrical surface layers around
the central axis. Therefore the fluctuations in each layer is mutually connected which leads to the strong
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Figure 1. The interplanetary magnetic field (IMF), solar wind plasmas and the suprathermal electron pitch angle distri-
bution observations of complex CME-CME interaction event crossed on 18-19 February 2011 fromWIND spacecraft.
From top to the bottom, parameters are the magnetic field strength (|B|), the vector components of the magnetic field
in GSE coordinate system, the elevation (theta) and azimuthal (phi) of field direction in GSE coordinate system, the
suprathermal electron pitch angle distribution, solar wind speed (VSW ), proton density (Np), proton temperature (Tp),
the ratio of proton thermal pressure to magnetic pressure (β) and the Dst index from WDC. The red dashed lines
denote the arrival time of the shock. The gray shades show the region of the ICMEs magnetic cloud. Courtesy of
figure http://space.ustc.edu.cn/dreams/wind_icmes/index.php
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Figure 2. From top to the bottom, the first panel shows the magnetic field strength (|B|) and solar wind speed
(VSW ), second panel shows proton density (Np), proton temperature (Tp), the 3rd, 4th, and 5th panel show the vector
components of the magnetic field and solar wind velocity in GSE coordinate system respectively (data taken from
Wind satellite with time cadence of 92 sec). The bottom panel show the SYMH profile (data taken from Omni
database with 60 sec time resolution). The pink shaded region is the MC like structure and green shaded region is the
trailing solar wind after CME.
correlation coefficient. However, in trailing solar wind, the heliospheric current sheets are not strongly cou-
pled. Thus, transfer of fluctuations from one sheet to other are not mutually correlated. This leads to week
correlation coefficient in region 2. In fact, different correlated layers are visible in region 2 of Figure 4.
The detail study of Alfve´n fluctuations transfer is needed.
3. RESULTS AND DISCUSSION
From our analysis, we find a good correlation between magnetic field and proton velocity vectors. This
suggests that magnetic field and fluids are oscillating together in the observed region 1 of the magnetic cloud.
Such a scenario means that fluid velocity perturbation is perpendicular to magnetic tension force which is
along the direction of resultant magnetic field. Such a velocity perturbation would lead to magnetic field
perturbation and can generate a wave propagating along the direction of tension force. Thus, the wave
propagation direction is along the resultant magnetic field direction. This characteristic of the wave is for
torsional Alfve´n wave. Thus, our analysis confirms the presence of Alfve´n wave in the magnetic cloud and
its weak signature in the trailing solar wind flow.
Earlier studies have shown that HILDCAA events, following a geomagnetic storm, are induced by inter-
planetary Alfve´n waves propagating outward with solar wind. (Tsurutani & Gonzalez 1987; Prestes et al.
2017). The presence of co-rotating streams containing continuous, large amplitude Alfve´n waves causing
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Figure 3. Right 3 panels (region 1) and left 3 panels (region 2) illustrate relative fluctuation of Alfve´n velocity vector
∆VA (blue lines) and that of proton flow velocity vector ∆V (red lines). ( time cadence of 92 sec)
Figure 4. The linear relation between ∆VA and ∆V for region 1 (left) and region 2 (right) for the event shown in
Figure 2. The scattered blue circles are observations from Wind satellite with time cadence of 92 sec. The R is the
correlation coefficient. The equation in each panel suggest the straight-line fit relation between respective components
of ∆VA and ∆V .
substorm activity tends to long recovery time of several days (Tsurutani et al. 1995a). The associated RED
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(Relativistic electron events) differentiate between CME associated storm and Co-rotating streams associ-
ated storm depending on the parameters mainly Dst index, Bz component, and the solar wind pressure. It
was noted that the recovery time for both events was long and Bz component was fluctuating around zero
(Alyana et al. 2007). It is considered that the Alfve´n waves may lead to long duration southward magnetic
field and help in to provide the energy and plasma injection to the magnetosphere. However, the Poynt-
ing flux observations of DSMP satellite failed to suggest Alfve´n waves as an energy input to the magnetic
storm and ascribed that the energy input is due to heating of ions and neutral atoms (Huang et al. 2017).
Hui & Seyler (1992) have demonstrated that electrons can be accelerated by kinetic Alfve´n waves in both
hot and cold plasma. The long duration and large amplitude Alfve´n waves have potential to induce different
characteristics/profile of geomagnetic storms than that from CMEs and CIRs in the absence of such waves.
Thus, Alfve´n waves play an important role in the dynamics of space plasma from solar corona to 1 AU, and
even beyond.
In general, the recovery phase is observed once southward/negative IMF Bz component turns north-
ward/positive (Adebesin 2009). The charge exchange, coulomb scattering and wave-particle interaction
are the possible physical mechanisms responsible to the recovery phase (Gonzalez et al. 1994; Daglis et al.
1999). In the charge exchange process, energetic H+ or O+ or N+ ions collide with atmospheric neutral
atoms, the ions capture the electrons and become neutralized. The lifetime for charge exchange process
depends upon neutral atomic hydrogen or oxygen density and the equatorial pitch angle of ions. Charge
exchange process is important when there are singly charged ions(H+ or O+ or N+) with energies up to
few KeV whereas for higher energies coulomb collision is important mechanism especially for heavier ions
(Daglis et al. 1999). When the recovery time is slow, then wave-particle interaction could be contributing
factor. It is suggested that the pitch angle diffusion by plasma waves also contributes to ring current losses
(Daglis et al. 1999). Moreover, it is suspected that during extreme geomagnetic storms, the wave intensities
(both proton electromagnetic ion cyclotron (EMIC) waves and electron electromagnetic (chorus) waves)
could be substantially greater resulting in strong wave-particle interaction. Thus, due to the greater loss
cone size and the enhanced wave intensities rapid ring current losses can occur. (Tsurutani et al. 2009a).
Therefore, wave coherency (Tsurutani et al. 2009b; Lakhina et al. 2010; Bellan 2013; Remya et al. 2015) in
wave-particle cyclotron resonant interactions should be considered in any updated model explaining mag-
netic storm (Tsurutani et al. 2009a).
Here, we showed that a unusual long recovery time is observed for minor geomagnetic storm which was
caused by MC of ICME. It is important to note that the Bz component of IMF remained fluctuating near
zero through out the region 1 and 2 (see figure 1 and 2). We interpret that long duration of Bz component
fluctuations near zero value is maintained due to the presence of embedded Alfve´n waves. Each planetary
magnetosphere is considered as one type of plasmoid in the heliosphere, with a particular orientation of mag-
netic field. Our earlier study suggested that CME-CME interaction may give rise to magneto-hydrodynamic
( torsional Alfve´n) waves in ICMEs or magnetic clouds which implied to CME-magnetosphere interaction
as well (Raghav & Kule 2018). In a condition of oppositely magnetic orientation of the plasmoids, the
magnetic reconnection is the possible physical mechanism for ICME and palsmoid interaction. Thus the
present study suggests that the fluctuating Bz fields comprising Alfve´n wave are expected to prolong the
ring current decay by injecting solar wind energy into the magnetosphere continuously. This is similar to
the High-Intensity, Long Duration, Continuous AE Activity (HILDCAAs)(Tsurutani & Gonzalez 1987) but
caused by magnetic clouds. This indicate the presence of torsional Alfve´n waves may contribute substan-
tially to geo-effectiveness of solar wind structures even magnetic cloud. (Zhang et al. 2014).
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The present study demonstrated the presence of Alfve´n waves in a magnetic cloud and trailing solar wind
flow associated with the CME of 15th February. This CME have interacted with preceding CMEs ejected
on 13th and 14th February during its heliospheric evolution. Raghav & Kule (2018) suggested that their
interaction may form merged interacting complex ejecta structure and change the force balance conditions
of flux ropes which leads to generate the Alfve´n wave. It is possible that interaction of CMEs causes a
reconnection between field lines and Alfve´n waves may be generated at such reconnection point. It is
also possible that with the steepening of a magnetosonic wave which forms the shock at the leading edge
could create a trailing Alfve´n wave (Tsurutani et al. 1988, 2011). Besides this, it has been suggested that
Alfve´n waves may be generated in the interplanetary space (Hellinger & Tra´vnı´cˇek 2008) and they have
been observed in the solar wind propagating outward from the Sun. However in that case it would be
difficult for the Alfve´n wave to get into the MC. Further studies are required to understand the distribution
of Alfve´n waves and turbulence features in the magnetic clouds.
We conclude that the torsional Alfve´n waves play significant role during the interaction of CME and
planetary magnetosphere, they may significantly contribute in geo-effectiveness and recovery time of ge-
omagnetic storms. More studies are required to confirm whether or not a majority of magnetic clouds
embedded with Alfve´n waves lengthen the recovery phase of geomagnetic storms. Also, this suggest that
one needs to consider energy injection by Alfve´n waves during the recovery phase in addition to other loss
processes like charge exchange, wave-particle interactions etc. Further studies are required to investigate
if the Alfve´n waves in ICMEs/MC and within CIRs have different characteristics, possibly because of dif-
ferent plasma beta values in different solar wind structures. And, how the geo-effectiveness is different for
them.
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